ABSTRACT A π-conjugated polymer having 1,4-bismercapto-substituted 1,3-diene units in the main chain, prepared by the reaction of a polymer possessing titanacyclopentadiene-2,5-diyls units with benzenesulfenyl chloride (PhSCl), was subjected to the oxidation with m-chloroperoxybenzoic acid (mCPBA) to control optoelectronic properties of the resulting materials. That is, polymers possessing sulfoxide-and/or sulfone-substituted 1,3-diene units were obtained by the oxidation reactions of the polymer having phenylmercapto moieties with varied amount of mCPBA. Electrochemical properties of the resulting sulfoxide-and/or sulfone-containing polymers were studied by their cyclic voltammetric analyses, from which their HOMO and LUMO energy levels proved to be tunable by the oxidation states of the sulfur atoms (HOMO = −5.1-−5.7 eV and LUMO = −2.7-−3.1 eV).
Introduction
Sulfur atoms are known to have various oxidation states which often gives us the chance to control the electronic properties of the sulfur-containing molecules. 13 For example, alkyl-or aryl-mercapto substituents are known to exhibit electron-donor properties while the corresponding sulfinyl or sulfonyl subustituents are known to serve as effective electron-withdrawing functional groups. Accordingly, Oconjugated polymers having sulfur-containing functional groups may exhibit various electronic properties depending on the oxidation states of the sulfur atoms. However, only limited examples of sulfursubstituted O-conjugated polymers have been reported, probably due to the lack of the appropriate synthetic methods. 4 We have been studying a new synthetic method of heteroatomcontaining O-conjugated polymers via organometallic polymers as reactive synthetic precursors. 518 Among them, regioregular organotitanium polymers, prepared from diynes and a low valent titanium complex, proved to give novel polymers containing 1,4-bismercapto-substituted 1,3-diene units by the reaction with benzenesulfenyl chloride (PhSCl). The resulting polymers exhibit electron-donor characters as supported from their cyclic voltammetric (CV) analyses.
14 So as to tune up the electrochemical properties of the polymers containing 1,4-bismercapto-substituted 1,3-diene units, we would like to describe herein the conversion of electron-donating sulfide-substituents directly attached to the O-conjugated systems into electron-withdrawing sulfoxide-and/or sulfone-substituents.
Experimental Part

General methods
1 H and 13 C nuclear magnetic resonance (NMR) spectra were measured on a JEOL ECP-300 instrument using tetramethylsilane as an internal standard (300 and 75 MHz for  1 H NMR and   13 C NMR, respectively). Fourier transform infrared (FT-IR) spectra were measured on a Thermo Fisher Scientific Nicolet iS10 FT-IR instrument. Gel permeation chromatography (GPC) measurements were performed on a Shimadzu LC-10AS liquid chromatograph equipped with Tosoh TSK-gel GMH HR -M tandem columns using chloroform (CHCl 3 ) as an eluent at 35°C. Polystyrene standards were used for calibration. UV-vis spectra were recorded on a Shimadzu UV-3100PC spectrometer in CHCl 3 . Electrochemical measurements were recorded on a VersaSTAT 3 (Princeton Applied Research) potentiostat using a platinum (Pt) disk working electrode (d = 1.6 mm, BAS, Japan), a spiral Pt wire auxiliary electrode, and a silver (Ag) wire reference electrode under nitrogen stream. EI high resolution mass (HR-MS) spectra were recorded on a JEOL JMS-700 mass spectrometer.
Materials
m-Chloroperoxybenzoic acid (mCPBA) was purified by recrystallization from n-hexane and dichloromethane. Dichloromethane (CH 2 Cl 2 ) was dried over phosphorus pentoxide and distilled under nitrogen. Starting materials, (Z,Z)-1,4-bis(phenylmercapto)-1,4-diphenyl-1,3-butadiene (1) and a polymer containing 1,4-bis(phenylmercapto)-1,3-diene units (6) , were synthesized according to the methods described in our previous paper. 14 2.3 Synthesis of (Z,Z)-1,4-diphenyl-4-phenylmercapto-1-phenylsulfinyl-1,3-butadiene (2) A dichloromethane (3.0 mL) solution of 1 (0.21 g, 0.50 mmol) and mCPBA (0.094 g, 0.55 mmol) was stirred at 0°C for 6 h under argon. After the addition of dichloromethane (10 mL), the resulting mixture was washed three times with a saturated aqueous solution of potassium carbonate (total 30 mL). The organic layer was dried over magnesium sulfate. After filtration and removal of the solvent, the residue was subjected to column chromatography on SiO 2 with a mixed solvent of hexane and CH 2 Cl 2 (v/v = 3/2) as an eluent to give 2 in 44% yield (0.096 g, 0.22 mmol) as white solid. From the reaction mixture, 1 and 3 were also isolated in 27% yield (0.057 g, 0.14 mmol) and 21% yield (0.045 g, 0.10 mmol), respectively, as minor products. 1 
General procedure for oxidation of polymer (6)
To a CH 2 Cl 2 (3.0 mL) solution of the polymer (6, 0.30 g), was added dropwise the designated amount of mCPBA in CH 2 Cl 2 and the resulting solution was stirred at 0°C for 6 h under argon. To the resulting reaction mixture, was added an excess amount of aqueous solution of potassium carbonate to remove unreacted mCPBA and m-chlorobenzoic acid. After addition of dichloromethane (10 mL), the resulting mixture was washed three times with a saturated aqueous solution of potassium carbonate (total 30 mL). After drying over magnesium sulfate, the organic layer was evaporated under vacuum. Then, the remaining solid was dissolved in a small amount of CH 2 Cl 2 (ca. 5 mL) and was precipitated into a large excess amount of methanol to isolate the objective polymers. 
Results and Discussion
It has been reported that selective oxidation of vinyl sulfides to the corresponding vinyl sulfoxide or sulfone derivatives are attainable by using the appropriate amount of mCPBA as an oxidation reagent. 1921 Thus as model reactions for the polymer reactions, (Z,Z)-1,4-bis(phenylmercapto)-1,4-diphenyl-1,3-butadiene (1) was subjected to the oxidation with a varied amount of mCPBA at 0°C in CH 2 Cl 2 (Scheme 1, Table 1 ).
Sulfoxide-and/or sulfone-substituted dienes (2, 3, 4, and 5) were obtained as major oxidation products by use of mCPBA (1.1, 2.2, 3.3, and 4.4 equiv with respect to the sulfur atoms, respectively), whose structures were elucidated from their 1 H-NMR, 13 C-NMR, and FT-IR spectra. The 1 H-NMR spectra were informative to determine the oxidation state of the sulfur atoms adjacent to the vinyl groups. That is, the vinyl protons adjacent to the sulfoxide moieties appeared at 7.988.09 ppm, while those adjacent to the sulfone appeared at 8.218.33 ppm. These peaks clearly shifted to the lower magnetic field region compared to that of the vinyl protons in 1 possessing the vinyl sulfide units (7.75 ppm) (Fig. 1) . In the case of 3 possessing two sulfoxide units, two singlet peaks were observed at 7.98 and 8.09 ppm which can be attributed to the two diastereoisomers originated from the chiral sulfur atoms [ Fig. 1(b) ].
In the FT-IR spectra of 2 and 3, a relatively strong peak attributable to the S=O vibration in the sulfoxide groups was observed at 1044 cm ¹1 . In the case of 4 and 5, two peaks attributable to the O=S=O vibration in the sulfone groups were observed at 1323 and 1143 cm ¹1 . The oxidation of the sulfur atoms in 1 was found to take place somewhat stepwise most probably because the oxidation of the sulfide to the sulfoxide is faster than the second oxidation from the sulfoxide to the sulfone. 22 Thus, the oxidation reactions of the polymer (6: M n = 5700, M w /M n = 1.6) were carried out using Electrochemistry, 81(5), 388393 (2013) varied amount of mCPBA to obtain polymers having predictable contents of sulfoxide and sulfone units (Scheme 2).
Through the oxidation reactions of 6 in CH 2 Cl 2 at 0°C for 6 h, the number-average molecular weight (M n ) of the resulting polymers (710) did not exhibit significant change, indicating the absence of any cross-linking or cleavage of the polymer during the oxidation reaction ( Table 2 ). The progress of the oxidation reaction could be monitored by the FT-IR spectra (Fig. 2) . That is, a peak attributable to the sulfoxide units was detected at 1084 cm ¹1 in the polymer (7) produced by the oxidation of 6 with 1.1 equiv of mCPBA with respect to the sulfur atoms, while peaks for the sulfone appeared at 1304 and 1145 cm ¹1 in the polymers (9 and 10) using excessive amounts (3.3 and 4.4 equiv, respectively) of mCPBA. In the 1 H-NMR spectrum of 10, a peak for the vinyl protons was observable at 8.12 ppm similar to the case of its model compound (5), while the corresponding olefinic protons appeared at higher magnetic field in the case of the precursor polymer (6: 7.75 ppm) (Fig. 3) . 
In the UV-vis spectra of the polymers (610) in dilute CHCl 3 solutions (1.0 © 10 ¹4 M), the absorption attributable to their O-O* transitions was found to shift hypsochromically by the increase of the oxidation states of the sulfur atoms, as can be often observed in many sulfide-, sulfoxide, and solfone-substituted O-electron systems [ Fig. 4(b) ]. 23 Namely, the absorption onset (K onset ) for 6, 7, 8, 9, and 10 was observed at 527, 503, 480, 465, and 468 nm, respectively. Likewise, the absorption onset for 6, 7, 8, 9, and 10 shifted hypsochromically also in the film state (6: 542 nm, 7: 521 nm, 8: 487 nm, 9: 479 nm, and 10: 481 nm), respectively [ Fig. 4(c) ]. The same tendency is also observable in the UV-vis spectra of the model compounds in CHCl 3 (1.0 © 10 ¹4 M, 1: 424 nm, 2: 402 nm, 3: 385 nm, 4: 375 nm, and 5: 378 nm) [ Fig. 4(a) ].
The electrochemical properties of the polymers (610) were evaluated from their cyclic voltammetric (CV) analyses of the first scans in the film states immersed in acetonitrile (Fig. 5) .
In the case of the polymer (6), two peaks originated from the oxidation of the sulfur atoms were observed at 0.61 and 1.05 V which can be attributed to the stepwise one-electron oxidation processes to form the radical cation and the dication forms, as reported, for example, in the case of well-defined thiophene oligomers. 24, 25 The separations of two oxidation peaks by ca. 200450 mV are also observable in some polymers with higher oxidation states (710), although the current intensities of the second peaks are smaller than those of the first peaks (Fig. 5) . As summarized in Table 3 , the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of the polymers (610) were evaluated from the onset of the oxidation and reduction potentials (E ox and E red , respectively) observed in their CV measurements. It was found that both the HOMO and the LUMO energy levels of the polymers (610) decreased in the order of 6 > 7 > 8 > 9 > 10 which is consistent with the increasing order of the electron-withdrawing ability of the The amount of mCPBA with respect to sulfur atoms; b) Estimated by GPC (CHCl 3 , polystylene, Std). Electrochemistry, 81(5), 388393 (2013) substituents [i.e., sulfide (S) < sulfoxide (SO) < sulfone (SO 2 )] at the 1,4-positons of the butadiene units. Thus, the electronic characters of the O-conjugated polymers containing 1,4-bis(mercapto)-substituted 1,3-butadiene units in the main chain, prepared from the regioregular organotitanium polymers, were found to be tunable by the degree of oxidation of the sulfur atoms (e.g., the amount of mCPBA for the oxidation reaction).
Conclusions
Oxidation of the polymer having 1,4-bismercapto-substituted 1,3-diene units in the main chain with m-chloroperoxybenzoic acid was found to give the sulfoxide-and/or sulfone-containing Oconjugated polymers. The optoelectronic properties, namely the HOMO-LUMO energy levels, of the resulting polymers proved to be tunable by the oxidation states of the sulfur atoms (HOMO: from ¹5.1 to ¹5.7 eV, LUMO: from ¹2.7 to ¹3.1 eV). In view of the diverse optoelectronic applications of O-conjugated polymers, their HOMO-LUMO energy profiles are very important to obtain the excellent performance. The present method would provide a promising and facile way to carry out the minute tuning of the optoelectronic properties of the materials in a wide range. Applications of the resulting materials as well as the macromolecular design of the novel functional materials by the present synthetic technique are currently being investigated. E (HOMO) = ¹(E ox + 4.80) (eV), where E ox is the onset potential of oxidation observed in the cyclic voltammetric analyses; b) E (LUMO) = ¹(E red + 4.80) (eV), where E red is the onset potential of reduction observed in the cyclic voltammetric analyses; c) Estimated by the equation: E g(CV) = (E red ¹ E ox ) (eV). Electrochemistry, 81(5), 388393 (2013) 
